Extraction has become a modern technique used to recover and separate noble metals, including palladium(II). Several reagents have been proposed, including hydroxyoximes, alkyl derivatives of 8-hydroxyquinoline, hydrophobic amines and esters of pyridine carboxylic acids. Some of them are used in industry. Usually, dihexyl sulfide or dioctyl sulfide are used. However, the extraction occurs very slowly, which is caused by the nature of hydrophobic extractant and symmetrical palladium chlorocomplex. The drawback can be overcome by the addition of thiocyanide ions, which disturb the symmetry of palladium(II) chlorocomplex 1,2 , the use of asymmetric dialkyl sulfides and/or containing a hydrophilic group 3, 4 or the use of a phase transfer catalyst. 5-7 A similar effect is observed when other hydrophobic extractants are used, e.g. 2-hydroxy-5-nonylbenzophenone oxime (LIX65N) and 1-(2-pyridylazo)-2-naphthol (PAN). 1, 8 Pyridine carbonates and carboxamides have been proposed by ICI 9-11 for copper extraction from chloride solutions, and the CUPREX Metal Extraction Process has been successfully used in a pilot plant for sulfidic copper ore concentrate processing. The commercial extractant Acorga CLX 50 has been used. It probably contains diisodecanyl pyridine-3,5-dicarboxylate as the active substance. The reagent seems to be an effective extractant for palladium(II) extraction.
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Pyridine carbonates and carboxamides have been proposed by ICI [9] [10] [11] for copper extraction from chloride solutions, and the CUPREX Metal Extraction Process has been successfully used in a pilot plant for sulfidic copper ore concentrate processing. The commercial extractant Acorga CLX 50 has been used. It probably contains diisodecanyl pyridine-3,5-dicarboxylate as the active substance. The reagent seems to be an effective extractant for palladium(II) extraction.
4-Alkylphenylamines are effective extractants of noble metals from acidic solutions. 12, 13 They extract selectively the group of noble metals in the presence of base metals. They are also successfully applied in analytical procedures used to determine the noble metals in various minerals, sludges and flotation concentrates.
It is now commonly accepted that metal extraction with highly hydrophobic reagents occurs according to the interfacial mechanism with extractant preadsorption at the hydrocarbon/water interface. [14] [15] [16] [17] [18] [19] The adsorption permits one to obtain an appropriate orientation and high concentration of extractant molecules at the interface needed for a quick extraction. This means that a relationship should be observed between the rate of extraction and the extractant interfacial activity.
The aim of the work was to study the adsorption behavior at a hydrocarbon/water interface of welldefined palladium(II) extractants and effect of the adsorption on the rate of palladium(II) extraction.
Experimental
Individual 4-alkylphenylamine (I) containing 6 to 14 carbon atoms in the alkyl group were used. The method of their synthesis and the analytical date were described previously. 19 Some other hydrophobic extractants were also considered: dihexyl sulfide (II), 2-hydroxyethyl decylsulfide (III) and its partly fluorinated analog (IV), decyl nicotiniate (V) and N,N-dihexylpyridine-3-carboxamide (VI).
Palladium(II) extraction
Extraction was carried out in dispersion at ambient temperature using equal volumes (5 cm 3 ) of the aqueous and organic phases. The concentrations of palladium(II) in 3 M HCl and of extractants in benzene or toluene were equal to 5×10 -3 M. The concentration of 4-octylphenylamine, used as a phase transfer catalyst, was 5×10 -4 M. The palladium(II) concentration in the aqueous phase was determined by atomic absorption spectroscopy using a Perkin Elmer spectrophotometer (Model 1100).
Interfacial tension determination
The interfacial tension (γ) was measured by the ring method at 18 -20˚C using presaturated phases. Both phases were shaken for 4 h and left for 24 h. Then, the layers near to the interface were disregarded and the interfacial tension was measured.
The interfacial tension isotherms were approximated using Szyszkowski equation: c Π=RTΓ ∞ ln ( 1+--) ( 
1) A
where Π is the surface pressure, Π=γ o -γ, A is the Szyszkowski adsorption constant, γ o is the interfacial tension in a system that does not contain extractant (c=0) and Γ ∞ stands for the surface excess at saturation.
The Szyszkowski equation can also be presented as:
where B is the adsorption coefficient and
By differentiating Eq. (2) and introducing the term dγ/dc to the Gibbs isotherm,
the following equation for the surface excess was obtained:
Results and Discussion
The considered extractants differ significantly in chemical structure. 4-Alkylphenylamines are easily protonated and can act as an ion exchange reagent. The protonated forms also show lower hydrophobicity than do the neutral reagents. Pyridine derivatives V and VI are weak bases due to the presence of electron withdrawing parameters. Moreover, one cannot exclude the formation of minor amounts of hydrochlorides. The reagents are strongly hydrophobic. Sulfides II to IV are highly hydrophobic. The introduction of the hydroxyl group and the asymmetry of sulfides III and IV makes them less hydrophobic and suitable to be adsorbed at the hydrocarbon/water interface. 4-Alkylphenylamines having various lengths of the alkyl group indicate different hydrophobicity, reflected in their partition coefficient (P) between toluene and 3 M HCl. They amount to 0.294, 18.3, 72.4, 105.8 and 118.9 for homologues containing 6, 8, 10, 12 and 14 carbon atoms (n C ) in the alkyl chain. An approximately linear relation, P=16.236n C -99.217, is observed. Thus, in an extraction system the first homologue is mainly present in the aqueous phase, while the successive homologues are dissolved mainly in the toluene phase. The effect of extractant hydrophobicity on palladium(II) extraction is clearly observed in Fig. 1 . The extraction is enhanced and the extraction curves become steeper at the initial region with increasing hydrophobicity of the extraction.
The theoretical extraction of 50%, equivalent to 2:1 complex PdCl 2 L 2 was obtained for an equimolar reagent ratio for only hydrophobic compounds containing 10 and 12 carbon atoms in the alkyl group after 8 and 1 min, respectively. The 100% percent extraction was not obtained for 4-hexylphenylamine, even when the reagent was used in a molar excess (amine:Pd (II)=10:1 mol/mol). 242 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 4-Alkylphenylamine is fully protonated in the considered system containing 3 M HCl. At low concentrations, below 0.01 M 20 , the amine hydrochloride is present as the monomeric form, L*HCl, in toluene, whereas it dissociates to LH + in the aqueous phase. According to Vasilieva 20 in the first step the reaction with PdCl 4 2-occurs according to the anion exchange mechanism and PdCl 4 (LH + ) 2 is transferred to the organic phase. In the next slow steps the complex PdCl 2 L 2 is formed. As a result, a significant change in the IR spectrum of the organic phase is observed. A strong band at 2600 cm -1 characteristic of the protonated amine, is observed immediately after phase mixing. This band slowly disappears and new bands at 3400 and 3480 cm -1 , characteristic of a non-protonated amine, are formed.
The rate of the extraction increases as the extractant hydrophobicity increases. For example, the initial extraction rates of palladium(II) (0.012, 0.015, 0.024 and 0.045 mol l -1 s -1 ) were obsereved for 4-alkylphenylamines containing 6, 8, 10 and 12 carbon atoms in the alkyl chain (palladium(II) and amine concentrations were equal to 2.5×10 -3 and 5×10 -3 M, respectively). 4-Hexylphenylamine and its palladium complex seem to be too hydrophilic to achieve both efficient and fast extraction. The amine and complex are mainly present in the aqueous phase, and the extraction is inefficient and slow. 4-Alkylphenylamines having more carbon atoms in the alkyl chain are sufficiently hydrohobic and the extraction becomes efficient. The extraction rate also increases, probably due adsorption of the extractant at the toluene/water interface. Figures 2 and 3 show the surface pressure versus extractant concentration in the aqueous and organic phase, respectively, for various 4-alkylphenylamines. The surface pressure isotherms have significantly different characters depending on the concentrations considered. The isotherms form a relatively narrow band when the amine concentration in toluene is taken under consideration. However, the effect of the extractant hydrophobicity becomes explicit when the concentration in the aqueous phase is considered.
The Szyszkowski equation (1) can be used to estimate the amine surface excess at a saturated interface and the Szyszkowski adsorption coefficient A (Table 1) . However, in a two phase system c o /c w =P at equilibrium, and then A o /A w =P, where subscripts o and w denote the organic phase and the aqueous phase, respectively and P stands for the partition coefficient. Thus, two various sets of Γ ∞ and A can be obtained, depending on which concentration is considered.
The Γ ∞ do not differ significantly, depending on the phase considered; same values were approximately, obtained. 4-Dodecyl-and 4-decylphenylamines are the most surface active reagents. Compounds having a shorter or longer alkyl chain are too hydrophilic or hydrophobic, respectively, to be very effective. Simultaneously, the observed order of Γ ∞ is in qualitative agreement with the determined rates of extraction because the increase in the extraction rate coincides with an increase of the extractant interfacial concentration.
Parameters A o and A w can be used to evaluate the free energy of amine adsorption from the organic (∆G o ) and aqueous phase (∆G w ), respectively:
whereas the partition coefficinet gives the free energy of the molecule transfer between the phases considered:
-∆G w/o =RT ln P
where
The results (Table 1) amines having more carbon atoms in the alkyl group (C 8 -C 14 ). The differences between the free energies calculated for adsorption from the aqueous and organic phases are relatively small as a result of comparable solubilities of amines in the phases considered. The free energies of adsorption from the aqueous phase are nearly equal for all compounds and the effect of the alkyl length is so small that it is not observed. The free energy of adsorption from the organic phase depends upon the alkyl length for only homologues containing 6 to 10 carbon atoms in the alkyl group, i.e. for compounds in which important changes of the amine distribution between both phases are observed. The interfacial activity of 4-alkylphenylamines is significantly lower in systems containing water instead of a HCl solution (Fig. 4) . This means that the protonated amine is responsible for the high interfacial activity of the reagent and that adsorption takes place at concentrations as low as 10 -5 M. At toluene/water and benzene/water, some adsorption of 4-octylphenylamine is observed at reagent concentrations above 10 -1 M. The same concerns the heptane/water system; however, in this case surface pressure increases to about 25 mN m -1 .
The obtained results demonstrate that 4-alkylphenylamines exhibit relatively high interfacial activity. They adsorbed effectively and decreased significantly the interfacial tension to a low value of 5 mN m -1 . Such a high interfacial activity, which has very good advantages for the extraction rate, can, however, inversely affect the phase separation, which is really observed in some systems at a high concentration of the extractant.
Other extractants used for palladium(II) extraction have a relatively weak interfacial activity (Fig. 5) . They are adsorbed at the interface and decrease the interfacial tension at a bulk concentration above 10 -2 M. Thus, their adsorption in diluted systems can be neglected. A decrease in the interfacial tension observed in concentrated systems can be caused by the presence of surface active impurities, i.e. thioalcohol in dialkyl sulfide or traces of protonated pyridine derivative in alkyl pyridine carboxylates.
In such systems the palladium(II) extraction occurs relatively slowly, as was reported, e.g. for dialkyl sulfides. [2] [3] [4] [5] 7 The extraction with a pyridine derivative (V) is also slow, taking 2 h to attain equilibrium under the studied experimental conditions. 4-Octylamine can be used in small amounts as a phase transfer catalyst. The exemplary results given in Fig. 6 indicate that the reaction time necessary for achieving equilibrium can be shortened from 2 h to 20 min while 4-octylphenylamine used alone extracts under the studied conditions (a low amine concentration) only negligible amounts of palladium(II) (below 8%).
N,N-Dihexylpyridine-3-carboxamides behave in a different way, and the extraction equilibrium is attained in 20 min. Pyridinecarboxamides are more basic and stronger extractants [21] [22] [23] than pyridinecarboxylates. [24] [25] [26] As a result, some reagent protonation and a successive transfer of hydrochloric acid is observed. Thus, the protonated pyridinecarboxamide acts as a phase transfer catalyst and shortens the time necessary for attaining extraction equilibrium. the rate of palladium(II) extraction and the interfacial activity and hydrophobicity of 4-alkylphenylamines. The extraction rate grows when these parameters increase. This observation strongly supports the importance of adsoption phenomena in palladium(II) extraction. Other extractants exhibit low interfacial activity. Simultaneously, the extraction occurs slowly. The rate of extraction can be increased by the addition of small amounts of 4-alkylphenylamine, which acts as a phase transfer catalyst. Such a catalyst may also be formed in an extraction system containing a reagent which can be partly protonated.
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